Rock mass is typically characterized by inherent fractures that cause natural blocks of rocks. Unplanned cutting of stone deposits in quarries may lead to over-producing waste (rock debris) or extracting un t (fractured) stone blocks. This paper presents two case studies through the use of low and high frequency Ground Penetrating Radar (GPR) antennas to detect fractures in two benches of a quarry. In the rst case study, a high frequency GPR antenna was used aiming to: (i) compare the GPR results with a map of the out-cropping fracture intensity in the bench surface, developed using the data of the GPR survey marks and interpolated by the Ordinary Kriging technique, and (ii) present how sub-vertical fractures can be numerically modelled in three dimensions from the GPR results. The second case study was focused on using a low frequency antenna to detect large aperture size of fracture surfaces as deep as possible in order to evaluate a deposit stratum before quarrying. This could be done through studying the re ections from a 3D cross-sectional GPR model and a 3D transparent GPR model. In the discussion section, an exploitation planning approach, based on modelling fractures as 3D surfaces, is theoretically and graphically proposed to optimize the stone production recovery. The two case studies showed that GPR is a successful tool for the assessment of ornamental stone deposits and a promising tool for recovery optimization.
Introduction
Ornamental stones are raw materials with potential economic value that are used in various applications for construction or prestigious purposes (Ashmole and Motloung, 2008) . Commercially, a leading factor that gives a pro table value to the stones is the block size, since small sizes of the extracted blocks limit the dimensions required for processing the stone pieces, and consequently a narrow range of applications will be available. Practically, most quarrying operators consider the extracted stones sizes less than the required commercial block size as waste. The block size is a function of the weight and both of them are important for the safety issues of transporting, handling, and processing of blocks Rock mass fractures control the feasible exploitation and stability of benches. Fractures provide natural rockbreak surfaces which consequently form natural rock blocks that cause production waste during exploitation. These blocks are also named as in-situ blocks and were de ned as the resulting blocks from the intersection of discontinuity sets with different characteristics of spacing and orientation (Lu and Latham, 1999) . The size of the in-situ block is mainly controlled by the spacing and number of discontinuities (International Society of Rock Mechanics [ISRM], 1979). The pro tability of an ornamental stone quarry can be increased by the reduction of waste and extracting a t commercial block size of stones. A t block of ornamental stones can be de ned as an extracted block without surfaces of fractures that may lead to the loss of the block during the handling or processing phases. Fracture characterization plays an important role in maximizing the production. This can be done through a sustainable process that consists of (i) in situ detection of rock mass fractures, (ii) three dimensional imaging or modelling of fractures, and (iii) exploitation planning based on the fracture's model.
In-situ detection methods of rock mass fractures are varied and the use of a method is governed by the topography of the site, the required accuracy, the cost budget, and the application objective. Topography may cause
The Mining-Geology-Petroleum Engineering Bulletin and the authors ©, 2017, pp. 63-76, DOI: 10.17794/rgn.2017.4.7 dif culty in accessibility to the site, moreover, some fracture detection methods depend on the transportation of heavy machines such as core log analysis (e.g. . Recent remote fracture detection methods could solve the accessibility problem, which is signi cant for applications of fracture detection to landslides and rock slope stability analysis. This category of methods is based on capturing a three dimensional detailed image of a rock mass surface. This image is then stochastically analysed to model the fracture's behaviour. As examples for this category, there are laser scanning (e.g. Minimizing waste production caused by the presence of natural fractures requires a sustainable non-destructive data acquisition tool. Boring the rock mass of an ornamental stone deposit, for detecting fractures, can be considered as adding a discontinuity for the rock mass, particularly in applications in which the nal goal is to maximize the recovery ratio. The recovery ratio is alternatively described as the coef cient of utilization (Gali et al., 2011; Vidi et al., 2012) . The diameter of a borehole is relatively much larger than the common aperture size of a fracture surface. Consequently, a borehole may partially affect the scheduled cutting process and the product from the surrounding rock mass. Accurate fracture imaging is required not only in the surface of a rock mass but in the entire body as well. Identi cation of the three-dimensional extension, orientation, and shape of a fracture surface inside the rock mass is the key point.
In this research, the authors have preferred to use the GPR method, since it is a fast and non-invasive method to detect subsurface fractures. GPR has been trusted to detect subsurface fractures in many applications performed in quarries (e.g. . GPR is a geophysical method based on the transmission of electromagnetic waves in a medium and receiving re ected waves from the subsurface anomalies such as fractures, joints, strati cation, etc. Reections are recorded in a radargram at a double re ective time scale that indicates the subsurface location of re ections. A double re ective time can be transformed into a depth, when a representative dielectric constant of the medium or the average propagation velocity is known. In rock mass, accurate estimation of the bulk representative dielectric constant or propagation velocity is a signi cant parameter to convert the measured travelling time of reections into true subsurface depth (Elkarmoty et al., 2017b) . The frequency of the electromagnetic waves affects the resolution of the data. Low frequency antennas provide a large penetration depth but with limitation to resolution whilst high frequency antennas provide a more detailed subsurface image but with limitation to penetration depth. Further theoretical basis of the GPR method can be found in (Daniels, 2004; Reynolds, 2011) .
In this paper, an application of the GPR method is presented: fractures are detected and modelled, in two different benches, bench A and bench B (see Figure 1) , of a sandstone quarry. These two benches were consid- ered by the quarry technical managers as non-mineable due to the high intensity of fractures that lead to the un t extraction of stone blocks (see Figure 2 ). Figure 1) . The sandstones extracted at Firenzuola are also known as "Pietra Serena di Firenzuola"; this name is well-known in the historical heritage of Italy since many monuments were made of this stone, especially in the Tuscany Region (Bargossi et al., 2004) . The strata of this formation are steeply dipped, and so the quarrying process is going on a dip with the deposition in order to quarry large blocks, causing steep surfaces of benches in the quarries (Coli et al., 2012) .
Case study 1 -bench A

Objective and bench characteristics
The surface of the bench chosen for survey is at, which is suitable for the use of GPR. This bench is characterized by outcropping sub-vertical fractures in the bench surface. From the outcropping fractures in the bench surface, it was observed that the fractures propagate in the bench surface in curved irregular paths, not in a straight line (see Figure 3) . Some of these fractures crop out in the bench face as well. The quarrying, in this bench, was stopped where the outcropping fracture intensity exceeded the threshold. The bench face was divided into a commercial greyish sandstone deposit and an underlying stratum of a blackish sandstone (see Figure 4) .
The objectives of this case study are: (i) to compare the free surface areas of out-cropping fractures in the bench face with the GPR results, (ii) to present how subvertical fracture surfaces can be modelled in three dimensions from a GPR survey numerically to accurately obtain the geometric behaviour of a fracture's surface inside the rock mass body.
Methodology
The GPR unit utilized in this study consists of a SIR operating System-3000, a cart-mounted 400 MHz antenna, and the signal processing software RADAN (all produced by Geophysical Survey Systems GSSI Inc.). In order to obtain a successful GPR survey, survey planning, data collection, and target selection are signi cant parameters (Bristow and Jol, 2003). A GPR antenna of 400 MHz frequency was selected to have a compromise between good resolution and a reasonable penetration depth. After checking the response of the signal in the rock mass, the geophysical preliminary acquisition parameters could be estimated and entered into the operating system. An area 25.0 m long (x-axis) and 11.0 m wide (y-axis) was surveyed through parallel GPR survey lines to the x-axis with a spacing of 1.0 m. The rst survey line was 2.0 m far from the edge of the bench face to allow easy and safe motion of the GPR cart. While moving the GPR cart along a survey line, the surveyor can put a mark on the radargram on the operating system once the cart moves over an outcropping fracture. These marks appear in the x-axis of radargrams and help with the interpretation. In this study, the out-cropping subvertical fractures in the bench face were marked to map the intensity of the out-cropping fractures in the bench surface and to compare the outcropping intensity of fractures with what is hidden in the interior body of the rock mass. The survey lines were designed parallel to the edge of the bench face (see 
Results
A previous GPR test on the rock mass of the site, performed by the authors, led to estimate a relative dielectric constant value for the medium (Elkarmoty et al., 2017c). A maximum penetration depth of about 2.5 m was achieved. Standard signal processing functions were applied to the radargrams by RADAN software. Due to the existence of sub-vertical fractures and the conic spread of the electromagnetic waves, hyperbolic re ections typically appear in the radargrams (see Figure 5) . A signal processing technique, migration, was used to destruct the hyperbolic signatures and converting them into relatively small successive spots along the fracture trace. Migration allows for the movement of the dipping re ectors to their original position.
The coordinates of each recorded mark, of the outcropping sub-vertical fractures, were picked out from the x-axis of the 12 radargrams. It should be mentioned that some out-cropping sub-vertical fractures were not recorded as marks due to human error, however, the majority of the out-cropping sub-vertical fractures were recorded. The picked marks were graphically represented in such a way that focuses on the intensity of the outcropping fractures from parallel radargrams in the centre of a 1.0 m 2 con ned surface area (see Figure 6a) . The centre of each 1.0 m 2 is described by a 3D coordinate of (x, y, z), where z is the number of marks within the 1.0 m 2 . A data set of coordinates (see Figure 6b ) for the tested area was entered in the Surfer TM software package and then interpolated by the Ordinary Kriging technique, where Kriging is an interpolation method used for generating maps on a grid of spaced data. The interpolation was performed by a variogram that provides a description of how data is spatially dependent (auto-correlated) with distance (Wackernagel, 2003) . The semi variogram analysis of data and the model are shown in Figure  7 while the values of the experimental variogram and the parameters of the variogram model are given in Table 1 and Table 2 respectively. The estimation standard deviation map and the resulting contour map of the out-cropping fracture intensity in the tested area are presented in Figure 8a and Figure 8b respectively. The contour map showed that the west zone is more fractured than the east zone. In particular, the white zone in the contour map is the free zone of out-cropping sub-vertical fractures. This zone may be preliminarily considered as a fresh rock, however what is inside the rock mass body is still unknown. Thus, analysis of the GPR results in the white zones was performed. The results showed that even though the white zone has the least out-cropping subvertical fractures, it is also characterized by sub-horizontal fractures inside the rock body (see Figure 8c and Figure 8d ).
For the purpose of numerically modelling the fracture surfaces in three dimensions, four successive radargrams with a spacing of 2.0 m were selected to demonstrate how sub-vertical fractures can be modelled numerically from GPR results (see Figure 9) . The used fracture interpretation technique is based on tracing the re ections of a fracture surface considering the amount of amplitude re ec- tions, the location, and the inclination of fracture re ections. The interpretation is performed in such a way to use a speci c colour for all fracture re ections belonging to a fracture surface. The interpreted radargrams showed that the degree of inclination of sub-vertical fractures are varied, since some fractures are almost vertical while others are slightly inclined. However, some fractures crop out in the bench surface, the radargrams showed that they do not propagate up to the maximum penetration depth achieved (2.5 m), such as the blue fracture surface. In contrast, the yellow fracture surface, for example, crops out in the bench surface and propagates in the whole propagation depth. Moreover, a re ection of a sub-vertical fracture could be detected even though the fracture does not crop out in the bench surface, such as the white fracture trace in the top radargram of Figure 9 . Fracture surfaces are typically modelled as planes, however it is preferable to model fractures as irregular curved surfaces as they naturally exist in most cases. A modelled fracture surface by this model is geometrically conditioned by its related detected re ections in the radargrams (see Figure 10) .
The extreme coordinates of a fracture's re ections in the radargrams were manually picked and numerically modelled as fracture surfaces by coding the coordinates of the vertices of a fracture surface in a le format (PLY format) that can geometrically describe the shape of the objects in three dimensions (see Figure 11) . This allows for better perception of the modelled fractures in the rock mass. Using the coded les (.PLY), the three dimensional behaviour of these modelled fracture surfaces was visualized by a graphical software package ParaView (ParaView Website, 2017) in different orientations as shown in Figure 12 . 
Case study 2 -bench B
Objective and bench characteristics
Low frequency GPR antennas can be used for exploring the site geology, such as fractures, and detecting deep buried large objects (Annan, However, the same rock type (limestone) is predominant in these two studies, the penetration depth is variable even with the same GPR antenna frequency. The main reasons are the variable status of homogeneity, discontinuity, and saturation inside the rock mass that attenuate the signal and consequently decrease the penetration depth of the signal. The main objective of this case study is to detect large aperture size of fractures at a depth as large as possible by investigation with a low frequency GPR antenna in bench B.
The surface of bench B is characterized by large aperture sizes (2.0 -3.0 cm) of out-cropping sub-vertical fractures (see Figure 13a) . The strata in this bench are stratied parallel to the bench surface. The bench face is divided mainly into two categories of stones, overburden and a strata or a deposit of commercial quality. Some of these sub-vertical fractures do not noticeably crop out in the tested zone of bench B (see Figure 13b) , however they noticeably crop out in close zones of bench B (see Figure 13c) . The overburden is a highly fractured noncommercial quality of sandstones. The bench is characterized by blocky structure behaviour due to the intersections of joints sets. The surface of the bench at the tested area was at and suitable for the movement of the GPR. The study aims to explore the existence of the main fractures inside the body of the rock mass of bench B, particularly in a zone of the good quality stratum (the deposit). Research questions, which this study is concerned with are: i) to what extent the outcropping sub-vertical fractures propagate inside the rock mass and, ii) what is the intensity of the main fractures in the good quality stratum.
Methodology
A three dimensional survey grid over the surface of bench B was planned. The position of the survey grid was selected to be over a deposit horizon, in which there are no noticeable out-cropping large aperture sizes of sub-vertical fractures. In this case, planning a three dimensional GPR survey grid was necessary with the use of a low frequency antenna, to compensate the resolution through GPR data interpolation between the close survey lines. Additionally, the sets of the outcropping main sub-vertical fractures in the surface of the bench was intersected in a semi-orthogonal behaviour, thus, in contrast to the case in bench A, using two orthogonal directions of GPR survey lines in a survey grid was preferred. The dimension of the survey grid is 12.0 m long (y-axis) and 7.0 m wide (x-axis), the side of 12.0 m was parallel to the bench face. The surveying grid started at 8.0 m far from the edge of the bench face to check the entire existence of fractures. The grid spacing was 1.0 m long and 1.0 m wide, leading to 21 radargrams. The GPR unit utilized in this study consists of a SIR operating System-3000, a 70 MHz antenna adapted to a cart, and the signal processing software RADAN (all produced by Geophysical Survey Systems GSSI Inc.).
Results
The 21 raw radargrams were carefully checked in order to determine the required signal processing functions. The same dielectric constant value for the medium used in bench A was also used for bench B. Even though there are two different benches, the assumption is that the lithological nature of both the benches are almost similar since they are close to each other. Using RADAN software, the re ected data was processed leading to enhancing the signal and clarifying the re ections in the cross-sectional radargrams and a maximum penetration depth of 14.0 m was obtained.
To explore the entire body of the surveyed rock mass, a three dimensional GPR model was built by the processing software package. The 3D GPR model is based on interpolating the data-free areas between the 2D radargrams in order to obtain a 3D subsurface image for the whole body of the rock mass. Through exploring the 3D cross-sections of the GPR cuboid (see Figure 14) , it was noticed that there is a zone of discontinuous re ec- tions of fracture surfaces, particularly in a three-dimensional rock body in the middle of the body of the surveyed rock mass. This zone is located between a depth of about 5.0 m and 10.0 m. This zone is characterized by the lowest amount of fracture re ections as compared to the whole rock body, however, there are a few re ections of fractures in this zone. Moreover, a transparent 3D GPR data visualisation allowed for a better understanding of the fracture's status inside the whole rock mass body. The 3D transparent GPR model also con rmed the interpretation of the lowest amount of fracture re ections in the three-dimensional zone between about 5.0 m and 10.0 m (see Figure 15) . By investigating the GPR models, it can also be observed that the rock mass in this bench is characterized by nearly two perpendicular sets of large aperture fractures, one set is perpendicular to the bench face and the other is parallel to the bench face.
Discussion
In this section, discussion and suggestions for quarrying purposes, obtained from the analysis of results, are presented. Regarding case study 1, the studied bench is non-mineable due to the high intensity of fractures. However, a general exploitation planning approach, based on the results of modelling fractures as 3D surfaces from GPR results as presented in this case study, is hereby proposed.
Determining the cutting zone of t blocks in a bench can be optimally carried out after the accurate modelling of fractures. Planning the cutting zone of t stone blocks can sustainably decrease the amount of waste. This exploitation planning approach could be illustrated in a simple case of a bench with a single set of sub-vertical fractures with large spacing (see Figure 16 ). If fractures are typically modelled as three dimensional at planes, there will be a potential risk of wasting material during the cutting operation. While modelling fractures as irregular 3D surfaces as close as possible to reality, like in the case study of bench A, may lead to decreasing waste. The zone of t stone blocks can be optimally described as an irregular surface area bounded between two borders. The rst border is the projection of the lower edge of a modelled fracture surface on the surface of the bench, hence the projection of the lower edge is limited to the required thickness or depth of commercial stone blocks. The second border is supposed to be the intersection of an irregular modelled fracture surface with the bench surface (or outcrop), however an offset tolerance area of some centimetres as a quarrying optimization factor of safety is preferable. Then, an optimization algorithm can be used to nd the optimal cutting direction that maximizes the number of extracted t stone blocks, with the required commercial size, from the zone of t blocks. This process may be time consuming and mathematically complicated, however it is expected to minimize waste. If such an approach will be done in future research, the main obstacles for applying this method in industry is the possibility of modelling fracture surfaces in large areas in addition to the time consuming matter, however with programming such a model, the time consuming matter can be minimized.
For a case of more than one fracture set (see Figure  17) , the quantity of fractures zones increases and, consequently, zones of cutting t blocks decrease. Therefore, determining the optimum cutting direction becomes more dif cult. This case is the most common in nature, that's why developing a quarrying model based on the suggested approach, that deals with all the cases of fracture sets is required to optimize the recovery. Actually, the most dangerous parameter is not the orientations of fractures or number of sets but the spacing between the fractures. The larger the spacing of a fracture set, the larger is the amount of extracted t blocks. In case of a highly fractured rock mass, with sub-vertical and subhorizontal fractures, most quarrymen currently consider such stone deposit as non-mineable in terms of extracting commercial size t blocks. However this is partially true, being such stone deposit mineable is sustainably possible in two preliminary conditions. The rst is the accurate modelling of fractures whilst the second is the possibility of using a disc sawing machine as a quarrying method which cuts simultaneously in two directions (horizontal and vertical). Consequently, direct extraction of small size blocks may be obtained. Small slabs for paving or ooring can be then released from these small size blocks.
With regard to case study 2, the GPR results point out that a particular three-dimensional rock body of the rock mass, in a depth between about 5.0 to 10.0 m, is less fractured in comparison to the whole body of the rock mass. Actually the absence of fracture re ections in this depth region is expected to be because of two reasons: (i) higher mechanical properties of the rock strata in this depth region, and (ii) the limited resolution of the used antenna. The investigation of these two points is considered as future work. If this stratum has higher mechanical properties in comparison to the other strata, the interpretation of discontinuous extension of fractures may be because of a reduction in the size of fracture aperture that the antenna resolution is unable to detect. A mechanical test for some samples from all the strata existing in this bench is recommended to validate this viewpoint. Using a reasonable higher frequency GPR antenna, that can reach to a penetration depth between 5.0 m and 10.0 m, to survey this rock mass is recommended for result comparison. Apparently, in the depth range between 5.0 to 10.0 m, there is commercial quality stratum which means that, in comparison to the whole body, some parts in the commercial quality stratum are without large aperture size fractures. Wider areas should be surveyed in order to decide the feasibility of quarrying the whole bench or a part of it. With limitation to the results of the surveyed area, the GPR models showed that the entire body of the commercial quality stratum is different than its outcrop in the bench face in which large aperture fractures are noticeable as compared to another close part of the bench.
Conclusions
In Case Study 1, the use of a high frequency antenna of 400 MHz to detect fractures in a quarry bench of sandstone led to the accurate detection of fracture traces in successive radargrams. Proper survey planning followed by an interpretation tracing technique allowed for the modelling of the detected sub-vertical fractures as 3D irregular surfaces. Visualization of fracture surfaces through graphical software can assist in exploring the spatial behaviour of fracture surfaces in different orientations.
The out-cropping fractures are not a real indicator to what is inside the rock mass. This was demonstrated by a comparison between mapping the intensity of the outcropping fractures in the bench surface and the results of the GPR survey, particularly in a free-areas of out-cropping fractures. The comparison showed that hidden subhorizontal fractures could be detected in the free-areas of out-cropping fractures in the bench surface.
To maximize the quantity of extracted commercialsize of t blocks simultaneously with performing a sustainable exploitation by minimizing the waste, a suggested optimization approach based on modelling fractures as 3D surfaces is graphically proposed. With this approach, it was shown that modelling fractures as 3D surfaces can be more promising, in terms of production optimization, than the typical modelling of fractures as planes. This can be done by developing a production op-timization model that suggests the optimal cutting direction based on accurate 3D fractures modelling.
Case Study 2 showed the ability of a low frequency GPR antenna of 70 MHz to detect large aperture size of fractures in a quarry bench of sandstone reaching to a penetration depth of 14.0 m. Planning an intensive three dimensional survey grid, with the use of low frequency antenna, is quite important to minimize the effect of the low resolution. The interpolation of the radargrams, using the signal processing software package, led to the creation of a three dimensional GPR model of the rock mass body. The detected large aperture fracture could be investigated through 3D cross-sectional and 3D transparent GPR models. This allowed for the identi cation of a three-dimensional rock body in the rock mass characterized by the lowest amount of large aperture fractures. However, mechanical rock laboratory tests for rock samples from this bench and using a higher GPR antenna frequency are recommended for future work development.
Using a wide range of GPR frequencies, in application to evaluate fracture status and model fractures in ornamental stone deposit, is recommended to have a compromise between the resolution and penetration depth. However using a wide range of frequencies is time consuming, and currently this issue can be tackled when dual-frequency GPR antenna systems are available.
